We have performed comprehensive studies of optical, thermoelectric and electrical properties of 
I. Introduction
Band gaps ranging from 0.7 eV (InN) to 6.1 eV (AlN) make group III-Nitride alloys an attractive choice for numerous applications 1, 2 , but the prospects for optoelectronic devices requiring low band gap nitrides have been detered by the presence of a highly conducting n-type layer on all InN surfaces. It is now understood that the location of the Fermi stabilization energy 3 at 0.9 eV above the conduction band edge causes the surface Fermi level to be pinned above the conduction band by donor defects at the film interface and surface. These n-type surface electron accumulation layers (SEALs) have made it impossible to directly measure bulk electrical transport properties of p-type InN [4] [5] [6] .
Electrochemical capacitance voltage profiling (ECV) and thermopower measurements have provided convincing evidence for p-type conductivity in Mg doped InN films 7, 8 . However there is still no consensus on to what extent current can penetrate the SEAL and possible depletion region or how to interpret the Hall effect and the conductivity results in p-type InN 7 8 9,10 . In this work, we demonstrate in a series of experiments that mobile holes contribute to the thermoelectric and electrical properties of Mg-doped InN. Although the electrical current is injected into the p-type layer, the Hall effect cannot be described in terms of two parallel conducting layers.
II. Experiment
Two sets of Mg-doped epilayers of InN were grown by plasma-assisted molecular beam epitaxy on Lumilog GaN:Fe templates with 100 nm insulating C-doped GaN buffer layers. The first set had a constant thickness of 1200 nm, but ranged in Mg concentration from 0 to ~7x10 19 cm -3 (as measured with secondary ion mass spectroscopy). In the second set, the Mg concentration for all samples was 1.5x10 19 cm -3 , but the thicknesses varied from 400 to 2400 nm.
X-ray diffraction rocking curve full width half maxima (FWHM) decreased monotonically with thickness from 0.14˚ for the 400 nm sample to 0.12˚ for the 2400 nm sample. ECV measurements indicated p-type films. A nominally undoped InN film with 1200 nm thickness (FWHM of 0.14˚) was used as a reference.
Variable temperature Hall effect measurements (300-5K) were done by applying currents ranging from 1-10 mA at a magnetic field of 1 Tesla. Ohmic pressed-on In contacts were used in the van der Pauw configuration. Thermopower measurements were performed in the lateral gradient geometry using pressed-on In contacts; more detail on the setup has been provided elsewhere 11 . 7, 8 . To better understand this issue we measured temperature dependent conductivity and Hall effect. Fig. 3 shows the temperature dependent conductivity and Fig. 4 shows the apparent sheet carrier concentrations determined from the Hall coefficient measurements in the samples with variable Mg doping levels. Although all the samples have negative Hall coefficients, the samples with Mg doping levels within the p-type doping "window" showed pronounced temperature dependence. It is worth noting that the strongest temperature dependence is observed in the samples with highest positive thermopower. This confirms that mobile holes contribute to the Hall effect and that the contribution is temperature dependent with the holes freezing out at low temperature.
B. Samples with varying thickness
The overall picture of the charge transport in Mg-doped InN emerging from our results is that of an n-type SEAL enveloping a p-type bulk with well conducting mobile holes. However the question remains on how the SEAL is electrically connected to the p-type bulk and whether it is possible to deduce properties of the bulk holes from the charge transport measurements. that produced high positive Seebeck coefficients. The room temperature Seebeck coefficients are given in Fig. 5 . As expected, the thermopower increased with increasing sample thickness, indicating still significant although diminishing contribution from the n-type SEAL. The 2400 nm thick sample had a room temperature Seebeck coefficient of 1045 μV/K, which to our knowledge is highest value ever reported for p-InN. This unexpectedly large Seebeck coefficient cannot be understood in terms of the previously presented model 7 , which assumed that thermopower is determined by mobile holes located in the valence band, and will be discussed later.
The temperature dependence of the sheet resistance and the apparent sheet carrier concentration for the samples with different thickness are shown in Figs. 6 and 7, respectively.
Although the contribution of p-type layer is clearly visible in the increasing temperature dependence of both resistivity and apparent carrier concentration, the striking feature of these data is that again the Hall coefficient had a negative sign in all samples. Even in the thickest sample, the contribution from the p-type bulk layer was not sufficient to change the sign of the Hall effect. As is seen in Figs. 6 and 7 the low temperature (5-70K) sheet resistances and apparent sheet electron concentrations were independent of thickness and therefore can be attributed to the contribution of the electrons in the SEAL.
IV. Analysis and discussion
It has been shown previously that charge transport in n-type InN is well described by a model with two perfectly electrically connected layers: the SEAL and the n-type bulk layer 8, 13 .
On the other hand, a recent work argues through use of an ionic liquid gated device that, in the case of p-type InN, a weakly rectifying p/n junction is formed between the n-type SEAL and ptype bulk layer 10 . In such case, one would expect a nonzero shunt resistance that could reduce current flow through the p-type layer. It should be noted, however, that in the Hall effect or thermopower measurement configuration the contact area between SEAL and p-type layer is much larger and the effective shunt resistance can be significantly smaller.
In a simple two layer model (e.g., Petritz 14 ), the Seebeck coefficients, mobilities and sheet conductivities are related through set of three equations:
where σ, S and μ are the measured total conductivity, Seebeck coefficient and mobility, (Fig. 8) as well as the product Sσ (Fig. 9) show very good linear dependencies on the sample thickness. However, in stark contrast, the quantity σμ ( 
